The structural and functional architecture of the human brain is characterized by considerable variability, which has consequences for visual perception. However, the neurophysiological events mediating the relationship between interindividual differences in cortical surface area and visual perception have, until now, remained unknown. Here, we show that the retinotopically defined surface areas of central V1 and V2 are correlated with the peak frequency of visually induced oscillations in the gamma band, as measured with magnetoencephalography. Gamma-band oscillations are thought to play an important role in visual processing. We propose that individual differences in macroscopic gamma frequency may be attributed to interindividual variability in the microscopic architecture of visual cortex.
Introduction
The surface area of human primary visual cortex (V1), defined by noninvasive retinotopic mapping, varies up to threefold between individuals (Dougherty et al., 2003) , with consequences for visual perception (Duncan and Boynton, 2003; Schwarzkopf et al., 2011) . The functional architecture of V1 contains a columnar map in which neurons with similar tuning properties (e.g., orientation preference) cluster together (Bonhoeffer and Grinvald, 1991; Hübener et al., 1997; Yacoub et al., 2008) . As the size of the cortex increases, either the number or the width of such columns (or both) will increase, although the precise relationship is not yet known. Consistent with this, both the width and number of cortical columns is highly variable across individuals of the same species (Horton and Hocking, 1996) . The substantial variability in size of V1 is unlikely to be accompanied by anatomical scaling of the physical size of individual neurons or the length of connections between neurons, suggesting that local intracortical connectivity between neurons may be weaker in individuals with a larger V1. This implies that the perceptual or behavioral effects mediated by these connections are likely to vary with the surface area of V1: in brains with a large V1, these contextual effects should be weaker. Consistent with this hypothesis, V1 surface area correlates inversely with the strength of two visual illusions in which the perceived size of objects are influenced by their surrounding context (Schwarzkopf et al., 2011) . This interindividual variability in V1 surface area and concomitant changes in local connectivity may also have consequences for the properties of the neuronal population dynamics in visual cortex. A visual stimulus induces a characteristic sustained macroscopic oscillatory response measurable with magnetoencephalography (MEG) in the gamma (30 -80 Hz) band (Adjamian et al., 2004 ) that may play an important role in sensory and cognitive processing (Herrmann et al., 2010) . Most studies on gamma oscillations pertain to oscillatory power; the role of the peak frequency in the gamma response has received far less attention, although some recent studies reported a relationship between gamma peak frequency and behavior Muthukumaraswamy et al., 2009 Muthukumaraswamy et al., , 2010 .
Several modeling studies have examined the link between the gamma spectrum and the anatomical structure of V1. These range from continuous-wave models (Robinson, 2006) , in which the gamma spectrum is a consequence of this patchy intracortical connectivity; to coupled oscillator models (Hadjipapas et al., 2009) , where the shape of the spectrum is determined by local coupling parameters. Indirect empirical evidence for a link between the spatial structure and the temporal dynamics already exists in that orientation tuning has been linked to both homogeneous columnar structure (Nauhaus et al., 2008) and gamma frequency . We therefore hypothesized that the peak frequency of visually induced gamma activity would vary with V1 surface area. To test this, we measured such signals from visual cortex using MEG and related them to retinotopically determined visual cortical size.
Materials and Methods
Participants. Sixteen neurologically normal, healthy individuals with normal vision (age, 19 -34 years; 6 female; 2 left-handed) participated in two sessions. In the first session, participants were scanned with MEG to record the response in visual cortex to a simple static grating stimulus. In the second session, we performed retinotopic mapping using functional magnetic resonance imaging (fMRI). This retinotopic mapping session also formed part of a previous study (Schwarzkopf et al., 2011) . Participants gave written informed consent to take part in the experiments. All procedures were approved by the local ethics committee.
Magnetoencephalography. Participants were seated in a MEG system and viewed the stimulus on a projection screen in front of them. During the entire recording run, they were required to maintain fixation on a small red dot in the center of the screen. The stimulus was a static, high-contrast, square-wave, vertical grating, which measured 4°ϫ 4°of visual angle and had a spatial frequency of 3 cycles/°. The grating was presented on a mean luminance uniform gray background in the lower visual field such that the corner closest to the center of gaze was horizontally and vertically displaced from the fixation spot by 0.5°. There were 180 trials per run. On half of the trials, the grating was shown in the lower right quadrant; on the other half, it was shown in the lower left. Moreover, to minimize adaptation effects, the contrast polarity was either positive or negative. These four trial conditions were counterbalanced and randomly interleaved within a run. The stimulus was presented for 1.5-2 s with the duration pseudorandomized on each trial. To ensure attention and arousal, participants were required to press a button on a response box as soon as the stimulus disappeared. The intertrial interval was fixed at 2 s. On two separate runs, participants made their behavioral response either with their left or right hand. The order was counterbalanced across participants.
We recorded MEG data using a whole-head CTF axial gradiometer system with 275 channels, sampled at 600 Hz. Three electrical coils were placed at fiducial locations and used to monitor subject head movement. Data were analyzed using SPM8 (http://www.fil.ion.ucl.ac.uk/spm). Recordings were divided into epochs that comprised the time from 1.5 s before stimulus onset until 1.5 s after stimulus onset (i.e., the earliest time for stimulus offset that preceded the participant's behavioral response). We then used an LCMV beamformer algorithm (Van Veen et al., 1997) implemented in SPM8 to contrast the source power in a time window between 0.5 and 1.5 s after stimulus onset with the 1 s of baseline power directly preceding stimulus onset. Source orientation at each voxel was determined using the method of Sekihara and colleagues (2004) . We located peak gamma activity in the medial occipital cortex, and at this peak location we used the beamformer weights to extract the time series of the source. Power spectra for frequencies between 30 and 80 Hz during the stimulation and the baseline time window were calculated using a multitaper spectral estimate (Thomson, 1982) using seven discrete prolate spheroidal sequences as data tapers. We determined the percentage power change in each frequency bin and fitted a Gaussian function to this curve to derive the peak gamma frequency, the amplitude, and the bandwidth of the gamma response. We calculated the mean across all four measurements, i.e., for both visual hemifields and the two separate recording runs. To illustrate the complete time-frequency evolution of the spectral power change, we used a wavelet transform (implemented by the spm_wavspec function in SPM8). For each frequency bin, we determined the percentage power change at each time point relative to the entire 1.5 s of baseline preceding stimulus onset.
Retinotopic mapping. In the same participants, we conducted retinotopic mapping (Schwarzkopf et al., 2011) . Participants were scanned in a Siemens Trio 3T MRI scanner with a 32-channel head coil while they viewed rotating high-contrast checkerboard wedge and expanding/contracting ring stimuli reversing contrast at ϳ4 Hz against a uniform gray background. The wedge stimulus subtended eccentricities between 0.3-8°and a polar angle of 15°. The ring stimuli scaled in width over the course of a stimulus cycle and were 3°wide at the maximal eccentricity. At random intervals, the checkerboard pattern would undergo a small jump in polar angle and jump back after 200 ms. Participants were asked to indicate whenever this happened with a button press. An echo-planar imaging sequence (TR, 3.06 s; echo spacing, 560 ϫ 10 Ϫ3 ms; matrix size, 96 ϫ 96; interleaved slice acquisition) affording 2.3 ϫ 2.3 ϫ 2 mm resolution (0.3 mm interslice gap) was used to acquire functional images. In addition, a T1-weighted modified driven equilibrium Fourier transform sequence was used to generate a structural image of brain anatomy, and B 0 -field maps were acquired to correct for EPI distortions (Hutton et al., 2002) . In polar-mapping sessions, the wedge stimulus made 10 rotations (20 images/rotation). In eccentricitymapping sessions, the ring stimulus made 15 contraction/expansion cycles (10 images/cycle).
Functional magnetic mapping data were preprocessed in SPM8 by applying slice timing correction, realignment, and unwarping (using the B 0 -field maps). We coregistered the images to the participant's structural MRI scan and smoothed it with a 4 mm FWHM kernel. We calculated a fast Fourier transform of the time series for each scanning session at the fundamental frequency of the stimulus to determine the stimulus location at which each voxel responded (Sereno et al., 1995) . These data were then projected onto a mesh created from the gray-white matter boundary in Freesurfer (Fischl et al., 1999) . The borders of early visual areas V1-V3 were delineated based on the reversals in the polar angle map. Surface area in each region was determined for each participant.
Results
Employing a beamforming approach, we isolated evoked and induced MEG responses to a visual stimulus in a virtual electrode placed in the medial occipital cortex in a location consistent with primary visual cortex. Figure 1 shows the peak for the source localization of the visually induced gamma-band response in all participants (and the mean coordinates across participants) overlaid on a structural MNI template brain. As expected, the sources for a stimulus in a visual hemifield clustered within the contralateral medial occipital cortex. This revealed substantial variability between individuals (Fig. 2) in the peak of stimulus-induced gamma-band oscillations between 44.6 and 57 Hz. Previous studies reported higher gamma frequencies over a wider range (Hoogenboom et al., 2006) ; however, these experiments used a drifting grating stimulus and moving or dynamic stimuli induce faster gamma oscillations than static stimuli ). The range of peak gamma frequencies is consistent with previous studies using similar stimulus parameters to ours (Muthukumaraswamy et al., , 2010 .
We further used fMRI to delineate the central part of V1 with standard retinotopic mapping techniques. As Figure 3 shows, robust statistics demonstrated a strong (Cohen, 1988) and significant positive correlation between peak gamma frequency and V1 surface area (Spearman's : ϭ 0.63, p ϭ 0.011; Fig. 3A ; for data from individual participants, see Table 1 ). This relationship was evident regardless of whether V1 surface area was expressed in absolute terms or as a proportion of overall cortical surface area ( ϭ 0.72, p ϭ 0.002). We observed the same relationship also for V2 ( ϭ 0.54, p ϭ 0.03; Fig. 3B ) but not for V3 ( ϭ Ϫ0.09, p ϭ 0.728; Fig. 3C ). No significant correlations were found between surface area and the amplitude (V1: ϭ Ϫ0.08, p ϭ 0.782; V2: ϭ Ϫ0.093, p ϭ 0.744) or width (V1: ϭ Ϫ0.07, p ϭ 0.795; V2: ϭ Ϫ0.1, p ϭ 0.722) of the gamma peak. Critically, the correlation between cortical thickness and gamma peak frequency was not significant (V1: ϭ Ϫ0.03, p ϭ 0.918; V2: ϭ Ϫ0.118, p ϭ 0.664).
Correlational analyses can be susceptible to the presence of outliers and violations of the homoscedasticity assumption. To address such possible effects, for all the correlations reported above, we calculated a robust regression by first removing outliers from the sample using the Mahalanobis distance (MD). For the correlation between V1 size and gamma frequency, one observation with MD Ͼ6 was excluded and all results presented here are after removal of this data point. This not only ensured that potentially influential outliers did not skew the results in either direction but also guaranteed that the homoscedasticity assumption of the correlational tests was met (three different tests showed no evidence of heteroscedasticity: White's test: p ϭ 0.953, Breusch-Pagan-Koenker test: p ϭ 0.761, Spearman's : p ϭ 0.843).
We restricted ourselves to only reporting the nonparametric Spearman's correlation, as it is more robust than the more widely used Pearson correlation. The Spearman test can also reveal nonlinear relationships that could be expected here by comparing an areal measurement, which increases within a square relationship, with a frequency, which presumably increases linearly. Similar results were obtained when using Kendall's , another robust correlational statistic ( ϭ 0.452, p ϭ 0.023).
We further used a bootstrapping approach to estimate the 95% confidence interval of the correlation. We resampled the data 10,000 times with replacement and calculated the correlation coefficient for each bootstrap sample. Finally, we determined the 2.5th and 97.5th percentile of the resulting distribution of coefficients. A correlation can be considered significant if the confidence interval does not overlap zero. This was the case both when correlating gamma peak frequency with the absolute surface area of V1 (confidence interval: 0.13-0.89) and with the area relative to the surface area of the entire cortical sheet (0.31-0.91). Together, these steps thus provide high confidence that there is a positive relationship between V1 surface area and gamma peak frequency. 
Discussion
Our findings provide new evidence that gamma-band frequency in human participants is correlated with the retinotopically determined surface area of central V1. The absence of a correlation with cortical thickness indicates that the effect was unrelated to gray matter volume and instead suggests that the distance across the cortical sheet was the relevant factor. This may implicate a role for lateral intra-areal connections in the generation of gamma oscillations. We propose that these individual variations in gamma frequency can also be accounted for in terms of cortical surface architecture.
To explain these effects, we draw on the framework of coupled oscillators (Breakspear et al., 2010) and consider the measured gamma spectrum to be due to the summation of many synchronizing oscillators (at the scale of cortical columns) distributed across the visual cortex. Two factors influence how easily sets of coupled oscillators synchronize; their homogeneity (in frequency) and their coupling strength (connectivity) (Kuramoto, 2003) . Moreover, the natural frequency of a set of spatially distributed but coupled oscillators is determined by their intrinsic coupling delay times (Jeong et al., 2002) .
Consider a local pool of coupled oscillators in the visual cortex. Their ability to self-synchronize will be determined by the homogeneity in the natural frequency of their gamma oscillations. If we assume that homogeneity in environment (the similarity of the cytoarchitecture, receptor density, etc.) endows homogeneity in frequency, a local pool of oscillators will not only oscillate at similar frequencies but also will have relatively short conduction delays. That is, gamma oscillations in more homogeneous cortices should be of higher frequency for the same level of input. This is consistent with observations that neurons in more homogeneous regions of cortex have sharper orientation tuning (Nauhaus et al., 2008) , that higher oscillatory frequencies are more selective to orientation (Frien et al., 2000) , and that behavioral orientation discrimination is positively correlated with gamma frequency ); i.e., higher local homogeneity gives rise to higher gamma frequency. Computationally, this is consistent with a model in which a higher gamma frequency endows a local neuronal ensemble with the ability to discriminate between shorter firing lags, thus enhancing signaling from those neurons with highest sensitivity to the stimulus (Fries et al., 2007) . Now consider adding a second (distant) pool of oscillators. As the connections to this second pool are strengthened, another form of synchrony at a lower frequency, due to the longer conduction delays, will develop. The system will have two dominant modes: local high frequency and global lower frequency. In cortices with high local homogeneity, the local neuronal populations will dominate the dynamics (as they synchronize relatively effortlessly); conversely, as the local homogeneity decreases, the dom- inant frequency will be determined primarily by longer-range interactions. This in turn is consistent with observations that increasing stimulus size decreases the frequency of gamma oscillation (Gieselmann and Thiele, 2008) . Thus, for individuals with a large V1, where the horizontal connections traverse relatively short distances (in visual space), the homogeneity is high, and so will be the macroscopically measured oscillation frequency (as the conduction delays are short). The relationship we propose between cortical microarchitecture and macroscopic gamma frequency may also help explain why the observed gamma frequency increases with stimulus contrast (Ray and Maunsell, 2010) , as higher contrast reduces lateral signal transmission in visual cortex (Nauhaus et al., 2009) , hence making the synchronized ensembles more local. Our account makes three main predictions that could be tested in future work. First, individuals with larger V1 should have better orientation tuning at the neuronal level and behaviorally better orientation discrimination ability. Second, in these individuals, gamma frequency will decrease relatively slowly (compared with people with smaller V1) as stimulus size increases. Third, at the level of cortical maps, a larger V1 should result in more homogeneous functional architecture, i.e., wider orientation columns.
Gamma-band activity and the sharpening of orientation tuning have also been linked to the activity of inhibitory neuronal networks (Alitto and Dan, 2010) . Thus, the microarchitecture in V1 and inhibitory activity are likely to be closely related. In humans, the concentration of the inhibitory neurotransmitter GABA in the occipital lobe, measured using magnetic resonance spectroscopy (MRS), is correlated with the peak gammaoscillation frequency . Previous studies showed that human early visual cortex contains a higher concentration of GABA receptors than other brain regions (Zilles et al., 2002) . Histochemical studies on monkey cortex show that Brodmann's area (BA)17, which corresponds to retinotopic area V1, contains a considerably greater number (ϳ50% more) of GABAergic inhibitory neurons compared with other regions, including the adjacent BA18 (Hendry et al., 1987) . Assuming that the number of GABAergic cells is proportional to local GABA concentration, it is plausible that individuals with a larger V1 would have a greater concentration of GABA within a fixed volume of occipital cortex (for example, as would be measured using a fixed voxel size in MRS). But naturally, macroscopically measured GABA concentration is also likely to be influenced by factors other than cortical surface area; for example, a thicker cortex potentially contains more neurons or more GABAergic synapses. The level of GABA within cortex may also vary across individuals and even within the same individual; for example, GABA levels are likely to change across the menstrual cycle (Epperson et al., 2002) . In contrast, gamma frequency has been suggested to decrease with age (Muthukumaraswamy et al., 2010; Gaetz et al., 2011) . While we did not find a significant correlation between gamma frequency and age ( ϭ Ϫ0.37, p ϭ 0.162), this may be due to the relatively narrow age range in our study (19 -34 years) . Our data therefore indicate that the surface area of V1 may be an important covariate to consider in any future study of both GABA levels and gamma frequency, as ϳ36% of interindividual variance in gamma peak frequency can be explained by V1 surface area.
We also observed a significant correlation between the surface area of V2 and gamma peak frequency; while this is potentially also very interesting, it mostly likely reflects the fact that the sizes of V1 and V2 are known to be weakly correlated (Dougherty et al., 2003) .
This work underlines the importance for future research to explore individual differences in the morphological organization of the cortex and to reveal the factors that drive it. It sets the way for exploring the variability of cortical functional microarchitecture and how it relates to oscillatory activity, leading to the development of mechanistic models of the underlying processes (Pinotsis and Friston, 2011) .
